We used a motion coherence paradigm to test the hypothesis that patients with retinitis pigmentosa (RP) have difficulty discriminating the direction of spatial displacements because of a random loss of motion-sensitive units owing to cone photoreceptor dropout. Minimum (D min ) and maximum (D max ) displacement thresholds of patients with typical RP or Usher syndrome were compared with those of age-similar, visually normal subjects. Two-frame random dot cinematograms were used, in which a group of target dots, which comprised 40-100% of the dot array in steps of 20%, were displaced in one of four directions, whereas the non-target dots were randomly repositioned between frames. Reducing the dot coherence in this way increased D min and reduced D max for both the RP patients and control subjects. Furthermore, the displacement thresholds of the RP patients were displaced laterally from normal along a log coherence axis, consistent with the hypothesis that the patients had a reduced effective (intrinsic) coherence. However, the displacement thresholds of control subjects, when measured at a reduced coherence, did not mimic those of RP patients at full coherence when both groups were tested with a range of dot contrasts and dot areas. These apparently discrepant findings can be reconciled if it is assumed that the patients' effective coherence varies with stimulus visibility.
Introduction
Retinitis pigmentosa (RP) refers to a heterogeneous group of retinal degenerations that are characterized functionally by night blindness, peripheral visual field restrictions and/or scotomas, and abnormalities in the electroretinogram (ERG) of both rod and cone systems (Bird, 1995) . Although the visual loss tends to be most prominent in the visual periphery, patients with RP can have impaired foveal visual function, as well, including a decreased visual acuity (Madreperla, Palmer, Massof & Finkelstein, 1990; Grover, Fishman, Alexander, Anderson & Derlacki, 1996) and a reduced contrast sensitivity (e.g., Alexander, Derlacki & Fishman, 1992a; Sucs & Uvijls, 1992) .
Patients with RP can also have difficulty performing visual tasks that involve the localization of visual targets in space. Deficits that have been observed include a reduced vernier acuity (Alexander, Derlacki, Fishman & Szlyk, 1992b) , impaired bisection thresholds (Turano, 1991) , and difficulty in judging the direction of the displacement of random dot patterns (Turano & Wang, 1992; Alexander, Derlacki, Xie, Fishman & Szlyk, 1998a) . Both the threshold for discriminating the direction of small displacements (D min ) and the threshold for discriminating the direction of large displacements (D max ) can be affected, so that the range over which displacements can be judge correctly tends to be reduced in patients with RP (Alexander et al., 1998a) .
The explanation for the impaired direction discrimination of patients with RP is presently uncertain. Several alternatives have been examined and discounted, including: (1) a reduced effective luminance due to a decreased quantal catch (Turano & Wang, 1992) ; (2) an altered foveal spatial scaling due to an increase in intercone spacing (Alexander et al., 1998a) ; and (3) increased intrinsic blur due to a selective loss of high spatial frequency analyzers (Alexander et al., 1998a) .
We suggested previously that the impaired discrimination of spatial displacements by patients with RP might be due to a reduction in the effective contrast of the stimulus as a result of a reduced contrast response of the foveal cone system (Alexander et al., 1998a ). This conclusion was based on the similarity between the patients' results and those of control subjects tested at a reduced stimulus contrast.
An alternative possibility, originally suggested by Turano and Wang (1992) , is that the impaired spatial localization of patients with RP may be due to a random loss of motion sensitive units owing to a patchy loss of cone photoreceptors. To test their hypothesis, Turano and Wang (1992) simulated photoreceptor dropout by a form of pixel blanking in which an invisible mask was placed over random regions of the display screen. Dots that moved into the masked regions disappeared, while dots that moved out of the masked regions suddenly appeared. Under these conditions, visually normal subjects had reduced values of D min , which suggested that a patchy loss of motion sensitive units might, in fact, account for the deficits in D min shown by the patients with RP. However, the effect of this stimulus manipulation was only studied in visually normal subjects and has not been assessed directly in patients with RP. In addition, this model has not yet been applied to D max .
This hypothesis is of particular interest in light of recent studies which have argued that a random loss of cone photoreceptors by itself is not a valid model for the foveal vision deficits shown by patients with RP. Histologic studies have shown that there can be a decreased foveal cone spatial density in RP patients with good visual acuity (Flannery, Farber, Bird & Bok, 1989; Stone, Barlow, Humayun, de Juan & Milam, 1992) . Nevertheless, pixel blanking procedures applied to visually normal subjects do not appear to account quantitatively for the losses in resolution acuity (Geller, Sieving & Green, 1992) , letter acuity (Alexander, Xie, Derlacki & Szlyk, 1995b; Seiple, Holopigian, Szlyk & Greenstein, 1995) , or symmetry perception (Szlyk, Seiple & Xie, 1995) that have been observed in patients with RP. These findings indicate that the deficits in foveal function shown by RP patients are greater than can be accounted for on the basis of cone photoreceptor loss alone. However, the predicted effect of sampling element loss depends on the specific type of pixel blanking procedure that is used (Alexander, Xie, Szlyk & Derlacki, 1998b) . Therefore, the exact role of cone photoreceptor loss in the impaired foveal function of RP patients remains an unresolved issue.
The purpose of our study was to test more extensively the hypothesis that a random loss of motion sensitive units due to a patchy loss of cone photoreceptors is the explanation for the impaired displacement thresholds of patients with RP. We used the paradigm of motion coherence (Ramachandran & Anstis, 1983) , which is a variation of the procedure employed by Turano and Wang (1992) . In this paradigm, a percentage of the dots within the random dot array were designated as the target dots. These target dots were all displaced in the same direction and by the same amount during a trial, whereas the non-target dots were randomly repositioned. In essence, then, the non-target dots disappeared from their initial locations and reappeared at other randomly chosen positions, as if they had disappeared into and appeared out of small scotomatous regions (cf. Turano & Wang, 1992) . There are other methods for producing variable levels of coherence, but they all provide essentially equivalent results in visually normal subjects (Scase, Braddick & Raymond, 1996) .
We used two approaches toward addressing the hypothesis of Turano and Wang (1992) . First, we examined the effect of reduced target coherence on D min and D max for both visually normal subjects and patients with RP. A random loss of cone photoreceptors leading to a loss of motion sensitive units should result in a reduced effective (intrinsic) coherence for the patients with RP. Then, the combination of a reduced intrinsic coherence and a reduced stimulus (extrinsic) coherence should, on average, be multiplicative, assuming independence. That is, on average, a percentage of the target dots would be rendered ineffective in signalling a displacement for the patients with RP because these dots would fall on insensitive retinal regions. Therefore, if patients with RP have a reduced effective coherence, their displacement thresholds should be displaced laterally along a log coherence axis as compared to the results for visually normal subjects, by an equivalent amount for both D min and D max .
Second, we asked whether the displacement thresholds of visually normal subjects when tested at a reduced stimulus coherence would mimic the results from patients with RP who are tested at full coherence. To address this question, we reduced the dot coherence to 60% for a group of normal subjects, and then we examined systematically the effect of decreases in dot contrast and dot area on their displacement thresholds. In our previous study (Alexander et al., 1998a) , we found that patients with RP showed considerable impairment in displacement thresholds at low dot contrasts and small dot areas, whereas visually normal subjects showed no difficulty with either D min or D max under these conditions. If a reduced effective coherence is the primary explanation for the abnormal displacement thresholds of the patients with RP, then normal control subjects tested at a reduced stimulus coherence should perform similarly to the RP patients tested at full coherence under this broader set of conditions.
Method

Subjects
Eight patients (three women and five men) with typical RP or Usher syndrome participated in the study. All had taken part in a previous study of displacement thresholds (Alexander et al., 1998a) and were selected because they had shown the greatest impairment in that study. Their mean age 9 1 standard deviation (S.D.) was 33.397.8 years. The patients had better than 20/40 best-corrected Snellen visual acuity in the tested eye, minimal or no posterior subcapsular cataracts, and no atrophic-appearing foveal lesions or macular cysts. On the basis of criteria established previously (Fishman, 1978; Fishman, Kumar, Joseph, Torok & Anderson, 1983) , one patient had autosomal dominantly inherited RP, four were isolated cases of RP (no other family member was known to be affected), one had RP of uncertain genetic type, and two had type 2 Usher syndrome (a recessively inherited variant of RP accompanied by a congenital neurosensory hearing impairment).
The results from the patients with RP were compared with those of 10 (five women and five men) age-equivalent control subjects with normal vision. Control subjects had best-corrected Snellen visual acuities of 20/20 or better in each eye, clear ocular media, and normal-appearing fundi on ophthalmologic examination. The mean age of the control subjects 9 1 S.D. was 36.79 11.7 years. Control subjects were remunerated for their participation. Appropriate institutional review board approval was obtained, and all subjects gave informed consent before testing.
Test stimuli
Stimuli were presented as two-frame random dot cinematograms (Nakayama & Tyler, 1981) . The test stimulus was a sparse array of random dots that were generated by an Apple Quadra 840AV and presented on an Apple high-resolution gray-scale display that had a P4 phosphor, a vertical scan rate of 66.67 Hz, and a resolution of 640 ×480 pixels. The test distance was 4 m; the display subtended 3°horizontally by 2.3°vertically. The dots were randomly distributed within a square central region that was 1.9°(400 pixels) on a side. Dots that were displaced beyond this region on a given trial reappeared on the opposite side of the central region (wrap-around). There were 20 dots presented on each trial, with an average dot density of 5 dots deg The dots were all of negative Weber contrast. During a trial, the dot contrast was ramped up linearly from zero for 17 video frames at stimulus onset and ramped down linearly to zero for 17 video frames at stimulus offset in order to avoid sharp transients. There was a period of constant contrast extending for 17 video frames between these ramps, so that the entire stimulus presentation lasted 765 ms (51 video frames). A step displacement occurred at the midpoint of this stimulus cycle, and only one stimulus cycle was presented per trial. In order to vary the coherence, a certain proportion of the dots (the target dots) were all displaced in the same direction and by the same amount on a trial, whereas the remaining (non-target) dots were randomly repositioned. Across conditions, the proportion of target dots varied from 0.4 to 1.0 in steps of 0.2. The target dots were displaced along one of four cardinal directions (up, down, left, or right) , with the direction determined randomly on each trial.
The display monitor, which was the only source of illumination in the test area, was placed to the left side of the subjects and was viewed in a front-surface mirror. The stimulus display was viewed monocularly through a phoropter with a best refractive correction, and a 2-mm artificial pupil was used to control the retinal illuminance. The background luminance was 1.5 log cd m − 2 (2.0 log td) as calibrated with a Spectra Spotmeter that was positioned at the subject's viewing location. Stimulus luminances were controlled by an ISR Video Attenuator and VideoToolbox software, as described by Pelli and Zhang (1991) . Linearized color lookup tables that were loaded during the video retrace periods defined the pixel luminances for each video frame.
The first experiment examined the effect of reduced coherence on D min and D max , both for patients with RP and for visually normal subjects. For this experiment, the dot contrast was −1.0 and dot width was 4.6 arcmin (16 pixels), with dots covering 2.9% of the test region. These stimulus parameters were chosen such that the dots would be suprathreshold for the patients, based on our previous study (Alexander et al., 1998a) . In the second experiment, we examined whether the results from visually normal subjects when tested at a reduced coherence mimicked those of patients with RP tested at maximum coherence when dot contrast and dot area were manipulated. Five test conditions were used: (1) dot contrast= − 1.0, dot width= 4.6 arcmin (standard condition); (2) dot contrast = −0.5, dot width =4.6 arcmin; (3) dot contrast= −0.25, dot width= 4.6 arcmin; (4) dot contrast= −1.0, dot width= 3.4 arcmin (12 pixels); and (5) dot contrast= −1.0, dot width=2.3 arcmin (8 pixels). The coherence was fixed at 0.6, and D min and D max were measured under these conditions using a subset of four of the visually normal subjects.
Procedure
Before testing, each subject's visual acuity was assessed with a Lighthouse Distance Visual Acuity Test, and letter contrast sensitivity was measured with a Pelli -Robson Contrast Sensitivity Chart, using procedures described previously (Alexander, Derlacki & Fishman, 1995a) . Then, the test procedure was explained and subjects were given a practice series in which thresholds were obtained for D min and D max at maximum coherence. Subjects initiated each trial by pressing a joystick button on a response pad (Gravis Gamepad). Following the stimulus presentation, subjects indicated the direction of dot displacement by pressing the appropriate button (top, bottom, left, or right) on a four-button section of the response pad.
Thresholds were measured using a four-alternative forced-choice staircase procedure with no feedback. The step size was one pixel. The initial staircase reversal point was approached using a one-down, one-up decision rule. Following the first reversal, which was discarded, thresholds were measured using a two-down, one-up decision rule. Opposite staircase decision rules were used to measure D min and D max , such that for D min , two correct answers decreased the displacement, while for D max , two correct answers increased the displacement. Staircases were terminated after six reversals. Each condition was tested twice, with the conditions presented in a random, counterbalanced order. Thresholds were defined as the means of the 12 staircase reversals for each condition.
Results
The visual acuities and letter contrast sensitivities of the control subjects and patients with RP are presented in Fig. 1 . In this figure, visual acuities are plotted as log MAR (minimum angle of resolution), with the corresponding Snellen visual acuities indicated on the top x-axis. The log MAR values of the normal control subjects (open circles) were 0.0 or better, and their log contrast sensitivities corresponded to previous norms (Elliott & Bullimore, 1993) . By comparison, the log MAR values and log contrast sensitivities of this group of patients with RP (filled circles) were outside the normal range (shaded regions). These patients tended to show a proportionally greater reduction in contrast sensitivity than in visual acuity. This is indicated by the fact that the data points for the patients fell below the diagonal line, which represents equal changes in log MAR and log contrast sensitivity from the normal mean. We previously observed a similar relationship between log MAR and log contrast sensitivity in a larger group of patients with RP (Alexander et al., 1995a) . was also a greater degree of intersubject variability among the control subjects for D min than for D max , as has been reported previously (Baker & Braddick, 1985) .
The patients with RP (filled symbols) also showed increased values of D min and decreased values of D max as coherence was reduced. As was the case for the control subjects, the patients showed a greater effect on D min than on D max . In fact, the mean results from the patients with RP tended to parallel those of the control subjects, so that the patients' displacement thresholds were approximately equally impaired compared to normal at all tested levels of coherence.
Repeated measures analyses of variance (ANOVA) confirmed the statistical significance of these trends. There was a significant difference between the control subjects and RP patients for both D min (F = 8.23, P B 0.05) and D max (F= 5.24, P B0.05). There were also significant main effects of coherence for D min (F = 107.5, PB 0.01) and D max (F = 107.8, P B 0.01), confirming that the reduction in coherence had a significant effect on displacement thresholds. However, the interactions were not statistically significant for either D min (F = 1.08; P = 0.37) or D max (F = 1.29, P = 0.29), indicating that the coherence functions for the RP patients were not different in slope from those of the control subjects.
If these differences between RP patients and control subjects represent a difference in effective coherence, then the patients' coherence functions should be displaced laterally along the log coherence axis from normal, by an equivalent amount for both D min and D max .
To test this prediction, we replotted the mean data from the RP patients by displacing their data points horizontally as a group by an amount that was equal to the mean difference between the two subject groups seen in Fig. 2 (i.e. 0.125 log coherence, or an effective coherence of 0.75 for the patients with RP).
The result is shown in Fig. 3 . There is good agreement between the data sets for the two groups of subjects. Furthermore, the data for the RP subjects at the lowest coherence level appear to be an extrapolation of the normal results. Therefore, these findings are in agreement with the suggestion of Turano and Wang (1992) , in that the patients' deficits in both D min and D max are consistent with a reduced effective coherence, as would result from a random, patchy loss of cone photoreceptors.
In order to test this conclusion more extensively, we examined whether the patients' displacement thresholds, when measured under a broad range of dot sizes and contrasts and at a coherence of 1.0, could be mimicked by normal subjects if these normal subjects were tested under these same conditions at a reduced coherence level. We chose a coherence of 0.6 (− 0.22 log coherence) for the control subjects. As can be seen in Fig. 2 , this coherence level increased the value of D min and decreased the value of D max for the control subjects by an amount that was greater than the impairment seen in the RP patients at maximum coherence. We then measured D min and D max as a function of dot contrast and dot area at this reduced coherence for a subset of four of the control subjects.
The results are shown in Figs. 4 and 5 for dot contrast and dot area, respectively. The mean displacement thresholds of these control subjects, tested at a reduced coherence, are shown as the dotted symbols in each figure. Also shown in these figures are the displacement thresholds of a larger group of 15 control Fig. 4 . Mean log D min (upright triangles) and log D max (inverted triangles) as a function of log dot contrast. Dotted symbols represent data for a group of four control subjects tested at a coherence of 0.6; open symbols represent data for a group of 15 control subjects tested at a coherence of 1.0; filled symbols represent data for the eight patients with RP tested at a coherence of 1.0. Error bars indicate 9 1 S.E.M. and are omitted when smaller than the data points. The results of this second experiment, then, showed that measuring the displacement thresholds of control subjects at a reduced coherence did not mimic the results from the patients with RP at full coherence. This implies that the abnormal displacement thresholds of the patients with RP do not result solely from a reduced effective coherence, a conclusion that is in apparent disagreement with the results of our first experiment. A possible reconciliation for this apparent discrepancy is presented in the following section.
Discussion
Our study investigated the effect of reduced motion coherence on the ability of patients with RP to judge the direction of the spatial displacement of random dot patterns. The first experiment provided support for the hypothesis proposed by Turano and Wang (1992) , that the impaired judgments of spatial displacements shown by RP patients result from a random loss of motion sensitive units due to a random, patchy loss of cone photoreceptors. First, decreasing the motion coherence of random dot patterns increased D min and decreased D max for visually normal subjects, consistent with previous studies (Turano & Wang, 1992; Tripathi & Barlow, 1998) . This suggests that a reduced effective coherence might account for the impaired spatial displacement judgments of patients with RP. Second, a reduced motion coherence also impaired the ability of patients with RP to judge the direction of spatial displacements. Specifically, the values of D min and D max for the patients with RP were displaced laterally from normal along a log coherence axis (Fig. 3 vs. Fig. 2 ). This is the result to be expected if the patients' performance resulted from a multiplicative combination of a reduced intrinsic (internal) coherence and a decreased extrinsic (stimulus) coherence. The magnitude of the lateral shift suggested that, on average, these patients had an intrinsic coherence of approximately 0.75.
In a further test of this hypothesis, we examined whether the results from patients with RP, when tested at a variety of dot contrasts and dot areas but at maximum coherence, could be mimicked by normal control subjects who were tested at a reduced stimulus coherence under this broader set of conditions. As seen in Figs. 4 and 5, the results from the control subjects did not mimic the data from the patients with RP. This finding indicates, therefore, that a reduced effective coherence is not likely to be the complete explanation for the patients' deficits in spatial localization.
Another factor to be considered is that the patients had a reduced contrast sensitivity, which is illustrated in Fig. 1 . We had suggested previously (Alexander et al., 1998a) that such a reduced contrast sensitivity might account for the impaired displacement thresholds of the subjects tested at a coherence of 1.0 (open symbols), which have been replotted from our previous study (Alexander et al., 1998a) , and data for the patients with RP, tested at a coherence of 1.0 (filled symbols).
For the control subjects, reducing either the dot contrast (Fig. 4) or the dot area (Fig. 5) had little effect on D max or D min , regardless of the level of coherence. That is, the functions were essentially flat across dot contrast and dot area. In addition, reducing the stimulus coherence from 1.0 to 0.6 displaced the functions for D max and D min toward each other by an amount that was approximately the same at all dot contrasts and dot areas. The effect of reduced coherence was approximately twice as great for D min as for D max , which is in agreement with the results for the control subjects shown in Fig. 2 .
The data from the patients with RP, who were tested at full coherence, differed systematically from those of the control subjects. For the patients, decreasing the dot contrast and dot area systematically increased D min and decreased D max , such that the range of discriminable displacements became quite small at low dot contrasts and small dot sizes. Repeated-measures ANOVAs confirmed that these differences between the control subjects and patients with RP were statistically significant. There were significant effects of subject group for all conditions (for D min , F =17.3 and 14.8 for dot contrast and dot area, respectively, P B 0.01; for D max , F =59.2 and 44.2 for dot contrast and dot area, respectively, PB 0.01). There were also significant interactions between subject group and test condition (for D min , F = 13.3 and 10.1 for dot contrast and dot area, respectively, P B 0.01; for D max , F =45.6 and 22.3 for dot contrast and dot area, respectively, P B 0.01). The significant interactions indicate that the pattern of results differed between normal control subjects and patients with RP. RP patients. For example, the displacement thresholds of control subjects tested at a reduced dot contrast resembled those from patients with RP who were tested at maximum dot contrast. However, the present data indicate that this cannot be the entire explanation, either.
Instead, it is likely that the abnormal displacement thresholds of the patients with RP are due to both factors: a decreased effective coherence owing to a patchy loss of foveal cone photoreceptors, and a reduced contrast response of the remaining cone photoreceptors. We suggest that, as a consequence, the effective coherence of the patients with RP is not fixed, but varies with stimulus contrast. A possible physiological substrate is provided by a recent study of spatial localization by primate ganglion cells (Rü ttiger & Lee, 1998) . This study demonstrated that, because of response variability, a random subset of ganglion cells effectively drops out of the sampling mosaic at low stimulus contrasts on each trial. This would lead to a reduced effective coherence at low contrast levels. Given that these patients with RP had a lower-thannormal contrast sensitivity, then reducing the stimulus contrast would result in a lesser degree of effective coherence in the patients than in the control subjects. Such a mechanism might then account for the greater deficits in spatial localization seen in the RP patients at low contrast (Fig. 4) . Given the relationship between dot contrast and dot area in governing visibility (e.g., Mulligan & MacLeod, 1988) , a similar argument would apply to the effect of reduced dot area on the displacement thresholds of the patients with RP (Fig. 5) .
In conclusion, we observed that reducing the stimulus coherence of a random dot pattern impaired the ability of patients with RP to judge the direction in which the dot arrays were displaced. For high dot contrasts and large dot areas, the patients' results were quantitatively consistent with a reduced intrinsic coherence. However, for low dot contrasts and small dot areas, this was not the case. Normal subjects tested at a reduced coherence did not mimic patients tested at full coherence. Therefore, a reduced intrinsic coherence is not likely to be the sole determining factor. Instead, the overall pattern of results from the patients with RP can be explained by considering the effects of their reduced contrast sensitivity in addition to a reduced effective coherence. Specifically, the results suggest that the patients' effective coherence is not constant, but decreases with reduced stimulus visibility. Such a multifactor approach is consistent with recent studies which have argued that a random loss of cone photoreceptors by itself does not account for the loss of foveal vision seen in patients with RP (Geller et al., 1992; Alexander et al., 1995b; Seiple et al., 1995) .
